• We examined genome-wide patterns of DNA sequence diversity and divergence among six species of the important tree genus Eucalyptus and investigate their relationship with genomic architecture.
Introduction
Elucidating the genetic basis of population and species divergence represents a central goal of evolutionary biology (Coyne & Orr, 2004; Storz, 2005; Seehausen et al., 2014; Cruickshank & Hahn 2014) . Genomic analysis of large, representative sets of individuals from multiple populations can help unravel the genetic architecture of adaptive divergence by identifying genomic regions that are under selection (Storz, 2005; Oleksyk et al., 2010; Pritchard et al., 2010; Ellegren, 2014) . Such analyses rely on the concept that selection distorts patterns of neutral variation throughout the genome in predictable ways and these patterns can be detected through genome-wide analysis (Pritchard et al., 2010) . For example, a standard neutral model predicts that mutation, genetic drift and migration affect all loci equally, whereas natural selection affects specific loci and will thus result in detectable signatures of selection (Achere et al., 2005) . Loci subject to contrasting selection pressures in different populations and/or species (i.e. divergent selection) can be identified using outlier tests, which identify loci having higher levels of divergence (e.g. marker F ST ) relative to neutral, background levels (Scotti-Saintagne et al., 2004; Holliday et al., 2012; Steane et al., 2014) .
These outlier markers can then be positioned on a reference genome sequence or linkage map to identify genomic regions affected by selection and candidate genes potentially involved in adaptation (Pannell & Fields, 2014) . To provide insights into the functional nature of genes influenced by selection, enrichment analyses of gene ontology (GO) classes at the genome level is increasingly used to complement population genomic analyses (Harr 2006; Turner et al., 2008; Eckert et al., 2010) .
Advances in DNA sequencing and array technology coupled with declining genotyping costs now make it feasible to generate the large number of molecular markers distributed across the genome required for population genomics studies in many organisms (Luikart et al., 2003; Pannell & Fields, 2014; Seehausen et al., 2014) . We here apply a population genomic approach to study species diversity and divergence in Eucalyptus, a southern hemisphere tree genus with a unique evolutionary history (Grattapaglia et al., 2012; Myburg et al., 2014) compared to most species previously studied.
The genus Eucalyptus contains over 700 species, including some of the most widely planted hardwood species in the world (Doughty, 2000) . The worldwide eucalypt plantation estate has been estimated at 20 million hectares (Iglesias-Trabado & Wilstermann, 2008) comprising mostly species of the subgenus Symphyomyrtus (Grattapaglia & Kirst, 2008 ).
Here we study six economically important Symphyomyrtus species from sections (after Brooker 2000) Latoangulatae (E. grandis Hill ex Maiden and E. urophylla S. T. Blake),
Maidenaria (E. globulus Labill., E. nitens Deane and Maiden, Maiden and E. dunnii Maiden) and Exsertaria (E. camaldulensis Dehnh.). In their natural environments, these species extend across an extraordinary range of habitats, from temperate regions of south-eastern Australia to tropical Indonesia ( Figure 1) and from near sea level up to almost 3,000 m elevation (Euclid, 2006) . Of the six species examined, only E. dunnii and E. grandis have some overlap in their native range. Despite this, no hybrids have been reported for this species pair or any of the six studied species in the wild (Griffin et al., 1988) ; suggesting the presence of strong reproductive barriers despite natural and artificial hybridisation being commonly reported in eucalypts. Intraspecific genetic population structure has also been well studied in Eucalyptus.
In general, widely dispersed species with few disjunctions tend to have low levels of structure, while those with small and/or disjunct populations tend to exhibit greater structure (Grattapaglia et al., 2012) .
Population genomics provides a framework to examine the molecular basis of adaptation and speciation in these ecologically diverse and economically important eucalypt species. Such studies are especially relevant to the understanding of speciation which occurs in the absence of polyploidy or major chromosomal re-arrangements (Coyne & Orr, 2004) . Eucalyptus is a good model for studying such speciation as all species have the same haploid chromosome number (n=11; Grattapaglia et al., 2012) and, while there is some variation in genome size, evidence to date suggests high genome synteny and colinearity within subgenus Symphyomyrtus (Myburg et al., 2004; Grattapaglia et al., 2012; Hudson et al., 2012) . We utilise (i) the reference E. grandis genome sequence (Myburg et al., 2014) and (ii) a DNA marker array for Eucalyptus which provides species-transferrable markers with wide genome coverage, the majority of which are annotated on the genome sequence (Sansaloni et al., 2010; Steane et al., 2011; Petroli et al., 2012) .
Using range-wide samples, genome-wide scans were conducted to examine the genetic diversity within and among the six eucalypt species and to identify genomic regions which differentiated species. The projection of these parameters onto the 11 chromosome assemblies of E. grandis provides the first insights into the genomic patterns of species Figure 1 . Native distribution of the six Eucalyptus species included in this study: (a) E. grandis, (b) E. urophylla, (c) E. camaldulensis, (d) E. dunnii, (e) E. globulus, and (f) E. nitens. Samples were derived from throughout the geographic range of all species except E. nitens (where populations in the far north were not sampled) and E. urophylla (where populations in the east of East Timor were not sampled; see Payn et al., [1] ). diversity and differentiation in the genus. While the importance of biogeographical and/or population histories in interpreting genomic patterns of diversity and species divergence is often emphasised (Nosil & Feder, 2012; Strasburg et al., 2012) , the influence of genomic architecture (such as the distribution of genes and other functional elements; variation in recombination rate; chromosome structure, number and length) is increasingly being recognised (e.g. Flowers et al., 2012; Renaut et al., 2013; Slotte 2014) . Here we examine the relationship between genomic architecture and patterns of diversity and divergence amongst these six eucalypt species.
6 Samples A total of 84-93 samples for each of the six eucalypt species were included in this study (Table 1) . These range-wide samples were selected based on the species natural distributions, in addition to consideration of subspecies (E. camaldulensis) and/or racial classification (E. Table S1 . E. camaldulensis genomic DNA was isolated by Butcher et al. (2009) .
Eucalyptus urophylla, E. grandis and E. dunnii samples were isolated using Qiagen Plant DNeasy kits (Payn et al., 2008) . A modified CTAB extraction protocol (McKinnon et al., 2004) was used for the remaining samples.
Genotyping
Samples were genotyped with a Diversity Arrays Technology (DArT) microarray containing 7,680 dominant markers, developed originally from 64 phylogenetically diverse eucalypt species (Sansaloni et al., 2010; Steane et al., 2011) . Individuals were assayed by DArT Pty Ltd (Canberra, ACT). The eucalypt DArT array contains a substantial proportion of redundant markers (34-44% based on sequence similarity analyses using different assembly parameters; see Petroli et al., 2012) . Two methods were used to identify, and remove, redundant markers from our dataset. First, results from a sequence-based redundancy analysis of eucalypt DArT markers (Petroli et al., 2012 ; equivalent to A3 stringency) were used to assign markers to unique-or multi-marker bins. From each bin, only the highest quality marker (e.g. with least missing data and highest reproducibility score) was retained.
Following this, non-redundant markers were combined with an additional 424 markers not included in the redundancy analysis of Petroli et al. (2012) . Hamming distances were then calculated in GenAlEx (Peakall & Smouse, 2006) using the marker genotype scores of individuals to identify additional redundant markers. Marker-pairs having identical (or nearidentical) genotype scores were inspected with the best quality marker being retained. 
Data analyses
To check that all individuals were assigned to their correct species, a principal coordinate analysis (PCA) based on DArT genotypes was performed in GenAlEx (Peakall & Smouse, 2006) following the generation of a pair-wise genetic distance matrix (Figure 2 estimates. The overall (termed 'Global') and pair-wise divergence amongst the six species was estimated for each marker using F ST , calculated using BayeScan V2.01 (Foll & Gaggiotti, 2008; Foll, 2010) . BayeScan was also used to identify outlier loci in each of 15 pair-wise species comparisons.
This program uses a Bayesian method to identify markers with F ST coefficients significantly different from the distribution of values expected under neutral theory (Foll & Gaggiotti, 2008) . To avoid biasing the distribution of F ST towards zero, only DArT markers scored as "1" in ≥2% and ≤98% of individuals (e.g. across species pairs or all species in the global analysis) were included in each comparison; a more conservative approach for detecting outliers (Savolainen et al., 2006) . Posterior probabilities were calculated for each locus using default BayeScan settings and a prior odds value of 10. Posterior probabilities are not directly comparable to standard P values, instead we followed 'Jeffrey's interpretation' (see Foll, 2010) , and defined markers with a posterior probability threshold of ≥0.5 as outliers potentially under selection, and those with a posterior probability of ≥0.76 as being under 'substantial' selection'. In each pair-wise species comparison, markers detected as being significant outliers by BayeScan and those not detected in these analyses but which were fixed for different alleles in each species (fixed marker differences, FMDs), were defined as species differentiating markers (SDMs). The failure to detect FMDs as outliers was more common in more divergent comparisons, consistent with increasing background, or putative neutral, differentiation between species decreasing the statistical power to detect outlier markers (Butlin, 2010; Perez-Figueroa et al., 2010) . Markers which consistently differentiated the species from different taxonomic sections were also identified. As reported in previous studies (Steane et al., 2011) , the species from which the DArT markers originated did affect estimates of species and global H HW , but global F ST and the proportion of (markers which were) SDMs were not significantly affected (Supporting Information Note S1).
Similarly while the use of relative (e.g. F ST ) rather than absolute measures of species divergence have been questioned (Cruickshank & Hahn, 2014) , an average of 82% of SDMs were FMDs.
Genomic analysis
The genome coordinates of DArT markers annotated (at http://www.eucgenie.org/) on the 11 chromosomes of the E. grandis genome (V1.0; Myburg et al., 2014) [2014] , and Petroli et al. [2011] ) was tested using
Spearman rank correlations at the chromosome level. The duplication features used for these analyses included: the number of clusters of tandem duplicate genes; and the numbers of pairs of duplicated genes linked to segmental duplication; lineage-specific genome-wide duplication and ancient hexaploidization -each expressed relative to the number of genes on the chromosome (Myburg et al., 2014, Supplementary data 19) . We tested for the relationship with the density of three classes of transposable elements (DNA transposons, retrotransposons and uncategorised transposons; Myburg et al., 2014, Supplementary data 13) relative to chromosome length. We also examined the relationship with recombination rate (cM/Mbp) based on chromosome-level values reported for an E. grandis × urophylla hybrid pedigree (Petroli et al. 2012) .
To test whether the proximity of DArT markers to genes affected the patterns of diversity, we classified markers into three classes based on predicted gene models in V1.0 of the E. grandis genome -those (i) within genes, (ii) within 5kbp of a gene, and (iii) more than 5kbp from a gene. Consistent with the observations of Petroli et al. (2012) , most DArT markers were in genes. The 5kbp interval was chosen to identify markers proximal to genes, which may be influenced by the combined effects of linkage disequilibrium and selection on adjacent genes or regulatory elements (Pannell & Fields, 2014) . Non-parametric Kruskal-Wallis tests were used to test for the differences in diversity and divergence parameters between these three marker classes. We further partitioned the DArT markers within genes into those within and outside of tandem duplicate gene clusters (as identified in Myburg et al., 2014) , and tested for differences using non-parametric Kruskal-Wallis tests. As we found significant differences between marker classes (see results), we re-ran the Spearman correlation analyses detailed in the previous paragraph using the DArT marker subsets. This was undertaken to remove the influence of variation in the relative frequency of DArT markers within each of the marker classes on the correlations with chromosomal features.
To provide insights into the functional nature of the genes putatively involved in species differentiation, genes located within 5kb up-and down-stream of DArT markers (termed 10kbp regions) were used in GO enrichment analyses using Blast2GO (Conesa et al., 2005) .
For this analysis of functional category over-representation in the identified genes, Gene al. (2014) . These comprised gene models associated with lignocellulosic biomass production, secondary metabolites and oils, the MADS Box gene family, and the S-domain-ReceptorLike Kinase (SDRLK) gene family (Myburg et al., 2014 , Supplementary notes S5 to S8).
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Results
Species differentiating markers
The six eucalypt species sampled were all well differentiated by the DArT markers, with no evidence of admixture (Figure 2 ). The 881 pair-wise SDMs listed in Table 2 were due to 365 differentiated markers, of which 62% were involved in more than one pair-wise comparison (Table 2 ; Supporting Information Table S3 ). Nineteen of these 365 SDMs were detected as fixed marker differences (FMDs) only, the remaining 346 were detected as outliers in
BayeScan analyses and most of these were also FMDs. All outliers had F ST estimates greater than the pair-wise species mean values, consistent with divergent selection (Foll, 2010) . A greater proportion of the SDMs were detected only as BayeScan outliers, as opposed to fixed marker differences, in the comparisons involving the Latoangulatae and Exertaria species compared with those involving the more differentiated species from section Maidenaria (Table 2) . This is consistent with decreased power to detect outliers in more differentiated species. Consequently, not all loci potentially subject to selection may have been detected. Table S2 ).
Variation between chromosomes
The distribution of marker diversity and divergence was highly structured across the genome, with variation both between and within chromosomes. Among chromosomes, significant differences were detected for species global H HW (Kruskal-Wallis χ 2 54.5, df=10, P<0.001), were relatively stable across species. All pair-wise species comparisons were positively correlated for the chromosome average H HW , with 9 of the 15 significant at P<0.05 (Table 3) . (Figure 3) . Expectedly, SDMs were commonly found to reside within regions of elevated global F ST values (pooled 5Mbp bins within chromosome r s =-0.70, P<0.001) (Figure 3; Supporting Information Fig. S1 ).
Associations with gene density and other chromosome features
Of the ten chromosomal features studied, gene density and the relative number of clusters of tandem duplicate genes were the most significantly correlated with global population parameters based on the 2,408 anchored DArT markers (Supplementary Information Table   S4 ). The density of two classes of transposable elements were also correlated with divergence between species (global (Myburg et al., 2014; average [±s.d.] length of gene models was 3.18±2.90 kp; Supporting Information 
Effect of gene proximity
DArT diversity decreased and species divergence increased with increasing proximity to genes ( Figure 5 ). The trend evident for global H HW ( Figure 5 ) was also evident for H HW of the individual species (Supplementary Information Fig. S5 ). Nevertheless, while often not significant, the same trends with chromosome features as detailed above were evident when markers were separated into each of the three gene proximity classes (Supplementary   Information Table S4 ). Of particular note were the DArT markers within genes. These SDMs were proportionally more common in markers occurring in or near genes (Figure 5 ), consistent with an adaptive role of these or linked genes in species differentiation. For the anchored DArT markers, the differences in the proportion of SDMs amongst chromosomes was positively related to gene density (e.g. Figure 4 ; r s =0.75, Bonferroni P=0.085 ). An identical association with gene density was detected with DArT markers that occurred in genes, suggesting again that this association was not simply a function of chromosomal variation in the proximity of markers to genes (Supporting Information Table S4 ). Figure 5 . The average global species diversity (HHW; six Eucalyptus species, HHW average, top), global divergence (FST, middle) and the proportion of species differentiating markers (SDMs, bottom) for diversity arrays technology (DArT) markers in genes (n = 1508), within 5 kb of a gene (n = 441), and > 5 kb from a gene (n = 459) (black bars) (a) and DArT markers in genes that were outside and within clusters of tandemly duplicated genes (grey bars) (b). Consistent with other studies (Petroli et al., 2012) , most DArT markers occurred in genes. Means with common letters (above black bars) are not significantly (P < 0.05) different based on pairwise Kruskal-Wallis tests. Means with different letters were significantly different at the P < 0.001 level. The significance of the Kruskal-Wallis tests for the difference between DArT markers within genes that were outside (n = 1120) and within (n = 388) clusters of tandem duplicate genes are shown (*, P< 0.05; ***, P < 0.001).
23 To explore the effect of tandem duplication on gene diversity and divergence, we partitioned
DArT markers within genes into those which occurred within clusters of tandem duplications from those that did not. Consistent with the chromosomal level correlations, the markers within tandem duplications had significantly higher diversity (global H HW ) and lower divergence (global F ST and SDMs), and were more similar to markers outside of genes Table S4 ).
Effect of tandem duplications
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Genomic characterisation of differentiated regions
Gene ontology terms could be assigned to 53.4% of the genes identified within DArT marker 10kbp regions (Supporting Information Table S5 ). Using SDM (containing 225 genes) and non-SDM gene groups (containing 1,272 genes), the mapping of genes to second-level GO terms revealed that the gene content of the two groups was highly similar (Supporting Information Fig. S6 and Table S6 ). Enrichment analysis initially detected 13 GO terms that were significantly under-or over-represented in the SDM gene group relative to the non-SDM gene group (Supporting Information Table S7 ). However, the significance of these terms was generally marginal and none were significant when a false discovery rate of Q=0.05 was applied.
Few genes that have been specifically studied in eucalypts were located close to SDMs. In particular, of the E. grandis genes for which expression data was reported in Myburg et al. (2014; which 
Discussion
This is the first major study of genomic diversity and species differentiation in Eucalyptus and one of the few in plants to investigate more than a single species-pair (e.g. Rymer et al., 2010; Renaut et al., 2013) . Consistent with recent reports in plants (Flowers et al., 2012; Renaut et al., 2013) and animals (Ellegrin et al., 2012; Cutter and Payseur 2013) , our results provide evidence that genomic architecture strongly influences genomic patterns of marker diversity and divergence amongst eucalypt species. While it is difficult to disentangle the influence of individual genomic features, many of which are inter-correlated, the proximity of markers to genes, the relative number of clusters of tandem duplications and gene density emerge as key explanatory variables associated with these patterns and are discussed below.
As expected, intragenic DArT markers exhibited less diversity within species and more divergence between species than intergenic markers. This is consistent with selection reducing genetic diversity and contributing to differentiation (Roesti et al., 2012; Ellegren et al., 2012) , although differences in mutation rates across the genome could influence the While diploid in nature, the eucalypt genome has been shaped by an early lineage-specific genome duplication (specific to the order Myrtales) and subsequent tandem gene duplication (Myburg et al., 2014) . Indeed, E. grandis has the highest proportion of tandem gene duplications yet reported in plants (Myburg et al., 2014) . Gene duplication has long been thought to generate evolutionary novelty (e.g. Ohno 1970 ). Consistent with our study, tandem duplicated genes often exhibit elevated intraspecific diversity (e.g. Clark et al., 2007) . This has been attributed to relaxed purifying selection on newly duplicated paralogues and 26 subfunctionalization of paralogues (Lynch and Conery 2000; Flagel and Wendel, 2009 ), although intraspecific adaptation may also contribute (Hanada et al., 2008; Turner et al., 2008) . Further, the effects of tandem duplication appear to extend to genes beyond the clusters, such that chromosomes with proportionally more clusters exhibit increased diversity and decreased species divergence in these genes. This relationship could at least partly reflect linked selection (Cutter and Payseur 2013; Slotte 2014) .
Gene density within and between chromosomes was positively correlated with interspecific divergence and negatively correlated with intraspecific diversity. These relationships were stable across the six species studied, and thus transcend phylogenetic lineages, biogeography and ecology. Such negative correlation between gene density and genetic diversity has previously been reported in humans (Payseur & Nachman, 2002) , Ceanorhabditis (Cutter & Payseur, 2003) , Arabidopsis (Nordborg et al., 2005) , Medicago (Branca et al., 2011) and
Oryza species (Flowers et al., 2012) . In each case, the correlation was attributed to more intense selection (functional constraint) in regions of greater gene density. Selection can impact on genetic diversity through positive and negative directional selection, causing mutations to be driven to fixation or extinction. The impact of such selection can spread to adjacent coding or non-coding regions of the genome through linked selection (Slotte, 2014) .
In these cases, both the spread of polymorphisms linked to beneficial mutations (genetic hitchhiking) and the removal of deleterious mutations (background selection) will reduce genetic diversity in the vicinity of mutations under selection (Cutter & Payseur, 2013) .
In contrast to genetic diversity, reports of a correlation between interspecific divergence and gene density are rare. However, consistent with our study, gene density was negatively correlated with intraspecific diversity and positively correlated with nucleotide divergence between Oryza species (Flowers et al., 2012) . In our case, this association was strongest in genic markers, arguing the association is a property of the genes, not marker distribution, and was evident both within and between chromosomes. Greater divergence between species in gene dense regions may simply reflect enhanced selection in regions of high gene density (Flowers et al., 2012) , combined with linked selection as discussed above. Alternatively, it has been suggested that during genome evolution clustering of tightly linked loci involved in adaptation can occur through minor rearrangements or tandem duplication, creating clusters of co-expressed genes (Hurst et al., 2004; Renaut et al., 2013; Yeaman 2013 ). In our case this effect does not appear to be a function of tandem duplication as these are negatively associated with species divergence at the chromosome level.
In all species comparisons, the SDMs identified were dispersed across most of the genome, consistent with previous studies investigating the genomic basis of plant speciation in both closely and distantly related populations (reviewed by Nosil et al., 2009; Strasburg et al., 2012) . These markers were mainly in, or near, genes and may result from the action of divergent selection or endogeneous barriers to gene flow arising from intrinsic genetic incompatibilities (Bierne et al., 2011; Seehausen et al., 2014) . Divergence between genetically isolated species is predicted to impact more loci due to the combined processes of selection pressures and genetic drift (Nosil et al., 2009) ; as well as the build up of reproductive isolation, through extrinsic (pre-and post-zygotic) and intrinsic (post-zygotic) mechanisms (Seehausen et al., 2014) . The eucalypt species studied are well along the speciation continuum (Seehausen et al., 2014) , compared with those often studied globulus; Costa e Silva et al., 2012) . High F ST and fixed marker differences between the parapatric E. grandis and E. dunnii attest to the strength of these isolating barriers.
Genes located within or adjacent to SDMs may represent targets of divergent selection or underlie reproductive isolation between the species in this study. Further support for such candidate genes can be provided by knowledge of their biological functions (e.g. Turner et al., 2008) . Specifically, the MADS-box gene (EgrSoc5.2), part of the SOC subfamily involved in flowering initiation, was located adjacent to an SDM differentiating the temperate E. globulus and E. nitens from the subtropical E. dunnii. Genes influencing flowering time or floral morphology are obvious candidates for reproductive isolation (Rieseberg & Blackman, 2010; Rymer et al., 2010) . In particular a MADS-box transcription factor (FLC) has been previously implicated in flowering time differences between Arabidopsis species (Wang et al., 2006) . Likewise, it has been proposed that the diversification of the SOC subfamily in
Eucalyptus may have contributed to the evolutionary diversification of the genus by mediating the flowering response to a range of environmental cues, to suit a wide range of habitats (Myburg et al., 2014) .
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Our study shows that genomic architecture influences the patterns of molecular intraspecific diversity and interspecific divergence across the eucalypt genome. Together with evidence from comparative mapping (Hudson et al., 2012) and sequence analysis (Myburg et al., 2014; Tibbits et al., submitted) , our results point to general conservation of genomic architecture across these diverse Eucalyptus species. This is evident despite considerable differences in genome size between species (Grattapaglia & Bradshaw, 1994; Grattapaglia et al., 2012) . No significantly enriched GO terms associated with species differentiation were detected in this study (after correction for the false discovery rate), arguing that the differentiation between species is multigenic and involves different classes of genes at different loci. The integration of results from this study with others (e.g. comparative transcriptomics, association genetics and QTL studies; see Faria et al., 2014) combined with future analyses at higher resolution should allow the identification of genes contributing to differentiation and reproductive isolation in Eucalyptus.
